Introduction
In recent years, intensive investigations on phosphorescent transition metal complexes have grown rapidly due to their interesting properties and their possible use in optoelectronic devices such as phosphorescent organic light emitting diodes (PhOLEDs) and light emitting electrochemical cells (LECs) as well as catalysts in photochemical reactions. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] A significant advantage of triplet emitters over fluorescent emitters stems from their theoretical internal quantum efficiency of 100% compared to 25% for fluorescent emitters that can be achieved due to the triplet harvesting enabled by the presence of a heavy metal. 1, 11 Ir(III) and Pt(II) complexes have been the focus of most investigations among the transition metal phosphorescent emitters. 12, 13 In contrast to the Pt(II) complexes, research on the isoelectronic Au(III) complexes as emitters remained limited. One of the reasons for the rather small number of phosphorescent Au(III) complexes lies in the nature of the d-d states that are energetically low-lying and therefore very close to the potentially emissive charge-transfer states, which promotes non-radiative deactivation of the excited state. 14 A strategy to overcome this problem was reported by the group of Yam utilizing strong field ligands, especially strongly σ-donating ligands such as N-heterocyclic carbenes (NHCs) or alkynes. 9, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] These ligands decrease the probability for the thermal population of the non-emissive d-d states and thereby lead to luminescence in these complexes. Most of the reported luminescent Au(III) complexes have a biscyclometalated tridentate ligand scaffold which helps to avoid molecular distortions and leads to a decrease in nonradiative excited state decay, therefore resulting in efficient luminescence. Another reason for the use of the tridentate ligand scaffold is the increased stability of the complexes towards thermal and light induced degradation of the Au(III) complexes. Recently, our group reported the first stable and luminescent bidentate monocyclometalated Au(III) complexes by utilizing two pentafluorophenyl ligands. 27 These complexes were found to be more stable than the dialkyne substituted monocyclometalated Au(III) complexes reported independently by Yam and co-workers and our group. 19, 28 In order to obtain stable and neutral monocyclometalated Au(III) complexes with high luminescence efficiency, 1,3,5-tris(trifluoromethyl)-benzene (FMes) was employed as a primary ancillary ligand in combination with various anionic secondary ancillary ligands, which resulted in complexes with good stability and photophysical properties as reported recently by our group. 29a To gain further insight into the influence of the electronic properties of the secondary ancillary ligand and the charge of the complex on the emission efficiency of the compounds, we sought a strategy that involves the replacement of the chloride ligand with a weakly coordinating triflate substituent, which was anticipated to subsequently allow for further substitution with various secondary ancillary ligands in a facile fashion. While the introduction of ancillary ligands such as 4-phenylpyridine (4-ppy) and quinoline was used to assess the effect of highly efficient interligand charge transfer on the quantum yield, ligands such as 4-fluoroaniline, PPh 3 and P(OMe) 3 were used to estimate the extent of influence of both the σ-donation and π-accepting behavior on the emission efficiency of the resulting complexes. Although some examples of the related cationic monocyclometalated Au(III) complexes have been reported previously, 29b-g their luminescent and photocatalytic properties have not been investigated. Since the luminescence properties of cationic monocyclometalated Au(III) complexes have not been previously explored, these studies were expected to provide the first detailed insight of the choice of ancillary ligand on the phosphorescence efficiency of this class of complexes. Moreover, recent investigations on the isoelectronic cationic Pt(II) cyclometalated complexes have shown very interesting mechanochromic properties. 29h In addition to the exploration of the luminescence properties of monocyclometalated cationic Au(III) monoaryl complexes, we also successfully probed the influence of the ancillary ligands with different electronic properties on the catalytic efficiency of the corresponding Au(III) complexes. Herein, we report on the synthesis, structural and photophysical investigations as well as on the catalytic behavior of a series of stable monocyclometalated cationic Au(III) monoaryl complexes bearing neutral ancillary ligands that exhibit room temperature (RT) phosphorescence in solution, neat solid and in PMMA. These complexes were found to catalyze the photooxidation of benzylic amines to their corresponding imines. The different electronic properties of the ancillary ligand resulted in complexes with different emission quantum yields and also displayed different behavior in the catalytic investigations.
Results and discussions

Syntheses and characterization of the complexes
In the first step, the complex [( ppy) Au Since the H 2 O ligand bound to the Au(III) in the complex 2 is considered to be weakly coordinating, this complex was expected to undergo facile substitution reactions and hence was used as a precursor for the preparation of various cationic complexes of the type
, quinoline (4), 4-fluoroaniline (5), P(OMe) 3 (6), PPh 3 (7)] (Scheme 2). The syntheses of the complexes 3-7 were achieved by subjecting the complex 2 to the respective ligands in dichloromethane (DCM) at room temperature. Analytically pure products were isolated in moderate to good yields (49-93%). Reaction progress was monitored by 1 H NMR studies for complexes 3-7 and by 31 P NMR in the case of 6 and 7. Extensive characterization of the complexes was carried out by 1 H, 13 C, 19 F, 31 P NMR and elemental microanalyses. The formation of the desired product was further confirmed by the observation of the relative shift of the resonance of the proton in the C α position relative to N of the pyridyl ring upon coordination of the new ligand. The shift of this proton was found to vary in the range of 9.10 ppm (6) to 8.31 ppm (7) reflecting the different electronic properties of the ancillary ligands. The 19 F NMR studies revealed a resonance for the OTf − counterion of the cationic complexes 3-7 at −78.9 ppm. Furthermore, 19 F NMR studies revealed the peak for the para trifluoromethyl group of the FMes ligand as a singlet in the range between −63.4 and −64.9 ppm for all complexes. Moreover, the two ortho bound trifluoromethyl groups also appeared as a single resonance signal in the range between −58.8 and −61.2 ppm for complexes 2, 3 and 5-7, while the spectrum of 4 exhibited two separate signals for the two groups at −57.2 and −59.8 ppm, respectively. In the phosphine bearing complexes 6 and 7, the appearance of a new singlet resonance at 115.5 and 37.9 ppm, respectively, in the 31 P{ 1 H} NMR studies further confirmed the product. All the synthesized complexes were found to be air and moisture stable under ambient conditions in the solid state. Furthermore, complexes 2-4 and 6-7 appeared to be stable in common organic solvents against decomposition for several days at room temperature. In comparison with this behavior, the complex 5 revealed an equilibrium between the desired complex and its parent compound 2 along with some decomposition of the complex in solution. This was evidenced by 1 H NMR studies, where besides the expected signals for the intact complex 5, also signals of the free ancillary ligand 4-fluoroaniline as well as signals of the water coordinated precursor complex 2 were found. This behavior can be attributed to the electron withdrawing fluorine group on the phenyl ring that results in a weak coordination of the 4-fluoroaniline ligand. Although previous studies have shown to form C-C coupling products as a result of decomposition, 29j-k we were not able to observe such byproducts during the photocatalytic studies.
Structural characterization
Single-crystal X-ray diffraction studies were performed for all the reported complexes 2-7. Suitable single crystals were obtained by layering hexane over a concentrated solution of the respective complex in DCM and subsequent slow evaporation at 0-5°C. The perspective views of the complexes 2-7 are shown in Fig. 1 and some relevant bond distances and angles are given in Although the cyclometalated part of the complex was found to be essentially flat, deviations from the ideal square planar geometry are found commonly as in similar Au(III) complexes and reflect the steric demands of the cyclometalating ligand. 19,27-29a,31 The intermolecular Au⋯Au distances were found to lie in the range of 7.0628(2) Å to 8.6544(2) Å. Due to the large distance between the gold centers, the presence of aurophilic interactions could be ruled out. 32 
UV-Vis absorption studies
The photophysical data for the complexes are given in Table 4 . The UV-Vis absorption spectra of the complexes 2 and 4-7 ( Fig. 2) exhibited a low-energy absorption band ranging between 293 nm and 334 nm. The shape of the bands closely resembled the bands of the free 2-phenylpyridine ( ppy) ligand. The low-energy absorption of 3 was found at 293 nm and therefore at a significantly lower wavelength than the absorption maxima of the other complexes. An additional shoulder at 336 nm was found in the UV-Vis spectrum of 3, which lies more closely to the absorption wavelengths of the other compounds. Since there are no significant changes observed in the band shape or the number of bands, the lowest significant singlet transition S 0 → S 1 is tentatively assigned to predominantly involve the frontier orbitals of the cyclometalating ppy ligand.
The changes in the low-energy absorption band wavelengths are attributed to the different electronic properties of the secondary ancillary ligands. A bathochromic shift of the low energy bands was observed for complexes with stronger electron donating ancillary ligands, which is particularly striking in the case of complexes 6 and 7. The molar absorption coefficients (ε) were found to lie in the region from 10 3 to 10 4 dm 3 mol −1 cm −1 with the lowest being 6047 for the complex 7 and the highest being 28 920 for compound 3. The molar absorption coefficients were found to decrease with increasing wavelength of the low-energy absorption band.
Emission studies
All complexes, except for 4, showed emission in the solid state at RT. Nonetheless, all the complexes showed phosphorescence emission in solution as well as when doped into a PMMA matrix. The non-emissive nature of 4 in the solid state could be attributed to self-quenching effects due to intermolecular π-π stacking interactions of the quinoline moieties owing to the relative close packing in the solid. These interactions can be minimized using low concentrated samples of the complex, which also explains the emissive nature of 4 in solution and in the PMMA matrix. As elucidated in earlier studies, the wavelength of the emission maxima can be mainly tuned using cyclometalating ligands with different π-π* energies, since the origin of the emission is π-π* 3 ILCT (intraligand charge transfer) mainly localized on the cyclometalating ligand. 27-29a In conjunction with this, no significant shifts in the emission wavelengths of the herein presented complexes 2-7 were expected. However, the varying donor-acceptor nature of the ancillary ligands was expected to affect the quantum yields significantly as pointed out earlier since the electronic properties of the ligands would influence the relative positions of the non-emissive d-d excited states and the emissive excited states as well as different charge transfer states. The observed emission maxima in solution, which lay in the narrow range of 487-494 nm, were consistent with the expectations (Fig. 3) . Similarly, the emission maxima in a 5 wt% PMMA matrix were also found approximately in the same range as in solution (Fig. 4) . Although the emission maximum of 6 in PMMA was found at the same wavelength as in solution, the maxima of the other compounds were found to possess either a small hypsochromic shift in the order of 1-2 nm (2, 3 and 5) or a bathochromic shift in the order of 1-3 nm (4 and 7). These small shifts can be attributed to the varying extent of rigidification of the complexes in the PMMA matrix and also to the nature of the excited state being affected by the environment, which has been previously observed. 33 Vibrationally structured emission profiles were observed for the complexes, which is indicative of the emission to originate predominantly from an intraligand charge transfer ( 3 ILCT) excited state based on the cyclometalating ligand, perturbed by the metal center, as is seen in most cases of luminescent gold(III) complexes. 27-29a The vibrational progressions of complexes 2-7 in the emission spectra in solution as well as in PMMA were found to lie in the range between 1300 and 1500 cm −1 . These values reasonably resemble the CvN and CvC stretching frequencies in pyridyl systems and therefore confirm the 3 ILCT emission based on the cyclometalating ppy ligand. The observed quantum yields (ϕ p ) were found to lie in the range 7.2-0.6% in the solid state and between 17.8 and 5.3% when doped into a PMMA matrix. The striking increase of the quantum yields in the PMMA matrix could again be attributed to the decrease in the π-π stacking interactions in comparison with the pure crystalline form. Additionally, the complexes bearing a conjugated aromatic secondary ancillary ligand (3 and 4) displayed higher emission quantum yields than the complexes with considerable π-accepting character (2, (5) (6) (7) . This is indeed consistent with our hypothesis, the quantum yields in PMMA were found to be strongly governed by the electronic nature of the ancillary ligand in such a way that conjugated aromatic ligands directly bound to the gold(III) centre as in the case of complexes 3 and 4 give rise to the highest ϕ P values due to the presence of efficient interligand charge transfer from the ancillary ligand to the cyclometalating part of the complex, which is also supported by DFT and TD-DFT calculations. In contrast, complexes bearing ancillary ligands with increased π-back bonding ability exhibit low emission quantum yields. This behavior can be ascribed to the proximity of the d-d states to the potentially emissive 3 ILCT states leading to the increased non-radiative relaxation of the excited state due to thermal population of the non-emissive d-d states. In contrast to the high quantum yields observed in PMMA, the solution quantum yields were found to lie in the region of 10 −3 . Quantum yields in solution were observed to be in a similar order to that obtained for the complexes in the PMMA matrix, except for the complex 6 which exhibited on the one hand the lowest ϕ P in PMMA but revealed the highest quantum yield in solution on the other hand. The exact reason Stokes shift of the compounds is in the region between 9564 cm −1 (2) and 8106 cm −1 (7), while the solution lifetimes of the complexes were found in the range between 0.77 and 9.40 µs, therefore indicating the origin of the emission to come from a triplet excited state.
Cyclic voltammetry studies
The cyclic voltammograms for complexes 2-7 revealed irreversible anodic peak potentials in the range of +0.10 to +0.22 V (vs. F c 0/+ couple) and two reduction peaks for all the complexes (Table 5 ). The first reduction peak was found to range from −1.25 to −1.41 V (vs. F c 0/+ couple) in DMF at RT. This reduction was found to be irreversible for complexes 2-5 and quasireversible for complexes 6 and 7. The second reduction was observed in the range of −1.66 to −1.92 V (vs. F c 0/+ couple) in DMF at RT. In contrast to the first reduction, this process was found to be quasi-reversible for all the complexes except for 7.
The redox processes are thought to stem from the cyclometalating ppy ligand, since no significant changes in the redox potentials were observed. The quasi-reversibility of the first reduction for 6 and 7 is thought to originate from the electron accepting nature of the auxiliary phosphine ligands that eases the back-oxidation of the reduced ligand. For the complex 5 the study revealed a second irreversible oxidation peak at +0.46 V that is assigned to an oxidation process centered on the auxiliary 4-fluoroaniline ligand. Due to the oxidizing nature of gold(III) complexes and the large electrochemical band gap found for these complexes, the metal center is most probably not involved in the redox processes. 16, 17, 28 Catalytic studies
Although there have been recent reports on the employment of luminescent Au(III) complexes in photocatalytic reactions, they are still scarce in comparison with the Ru(II) and Ir(III) analogues. 6, 7, 9 In this work, we have evaluated the photocatalytic performance of the cationic Au(III) monocyclometalated monoaryl complexes. Complexes 2-7 were tested as catalysts for the photo-oxidation of benzylic amines to the corresponding imines (Scheme 3). In the presence of molecular oxygen and under irradiation using a 125 W Hg-lamp as the light source, it was indeed found that the complexes 2-7 are able to catalyze the photo-oxidation of benzylic amines. In these studies, the complex 6 showed the best performance of the tested catalysts, since full conversion of the substrate N-benzyl-tert-butylamine (8a) to its corresponding product N-benzylidene-tert-butylamine (9a) was achieved after a reaction time of 4 h and with a catalyst loading of 0.50 mol% (Table 6 ). The other complexes that were tested did not lead to full conversion of the substrate 8a. The second most active catalyst was found to be 4, where a conversion of 72% for the substrate 8a was accomplished. The investigations pertaining to the photo-oxidation of N,N-dibenzylamine (8b), N-benzylisopropylamine (8c) and N-benzyl-methylamine (8d) to their respective products N-benzylidene-benzylamine (9b), N-benzylidene-isopropylamine (9c) and N-benzylidene-methylamine (9d) were pursued using only complexes 4 and 6. For the substrate 8c no full conversion was achieved. Even after a prolonged reaction time of 7 h, only a conversion of 12% was achieved using 6 as the catalyst and 8% was achieved when 4 was employed. The conversion rates for the substrate 8d were even poor with only 2% with 6 and no conversion at all with 4, respectively. The oxidation of the amines to the imines is thought to be driven by singlet oxygen, which is produced by harvesting the triplet state of the catalyst in the presence of light. 9, 34 It is quite evident from the varying conversion rates of the different substrates that an increase of the steric bulk of the substituents is favorable for the product formation. This behavior can be attributed to increased stabilization of the radical intermediate through hyperconjugation and/or inductive effects by the substituent on the benzylic nitrogen group. In conjunction with this, it is thought that the oxidation of the substrates proceeds over the formation of a radical intermediate at the benzylic nitrogen. In order to prove that the reactions were actually catalyzed by the complexes 2-7 and not by nanoparticles that eventually formed through decomposition of the catalyst during the reaction, the reaction mixture was investigated for nanoparticles by differential light scattering (DLS). The analysis indeed revealed the absence of nanoparticles in the reaction mixture and is highly indicative of the involvement of discrete molecular complexes in the aforementioned catalytic processes.
Theoretical calculations
Density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations were carried out for selected molecules with the Gaussian 03 program package 35 to investigate the absorption and emission properties of our series of compounds [( ppy)Au(FMes)L]. The hybrid functional PBE1PBE 36 (also called PBE0) was applied in conjunction with the Stuttgart/Dresden effective core potentials (SDD) basis set 37 for the Au center augmented with one f-polarization function (α = 1.050) and the standard 6-31+G(d) basis set 38 for the remaining atoms. Full geometry optimizations without symmetry constraints were carried out in the gas phase for the singlet ground states (S 0 ) and the lowest triplet states (T 1 ). The optimized geometries S 0 and T 1 were confirmed to be potential energy minima by vibrational frequency calculations at the same level of theory, as no imaginary frequency was found. On the basis of the ground-state optimized geometries of the selected compounds 3 (L = 4-phenylpyridine), 4 (L = quinoline) and 7 (L = PPh 3 ), time-dependent DFT (TD-DFT) calculations [39] [40] [41] combined with the conductive polarizable continuum model 42, 43 (CPCM, dichloromethane solvent) were used to produce the ten lowest singlet-singlet and singlettriplet vertical excitations with the corresponding energies, transition coefficients and oscillator strengths ( Table 7 , Tables S1-S3 †). The energy levels and compositions of selected frontier orbitals are reported in Tables S4-S6 (ESI †) . The UV-Vis absorption spectra of complexes 2 and 4-7 exhibited a low-energy absorption band in the range 314-334 nm while the low-energy absorption of 3 was found at a significantly lower wavelength (293 nm). An additional shoulder at 336 nm was clearly found in the UV-Vis spectrum of 3. The lowest-lying singlet-singlet transition S 0 →S 1 calculated at 307.7 nm (with an oscillator strength f = 0.224) for 3, 309.1 ( f = 0.179) for 4, and 318.4 nm ( f = 0.142) for 7 derives mainly from the one-electron excitation HOMO → LUMO for 3 and 7 and HOMO → LUMO+1 for 4 ( Table 7 ). The HOMO of each compound corresponds to the π orbital of the cyclometalating 2-phenylpyridine ( ppy) ligand with a π-antibonding character between the six-membered rings while the LUMO (for 3 and 7) and LUMO+1 (for 4) are mainly the π* orbitals of ppy showing an opposite π-bonding character between the rings with a small contribution from the metal center (Fig. 5) .
Scheme 3 Photo-oxidation of benzylic amines. Table 7 Selected singlet-singlet (S 0 -S n ) and singlet-triplet (S 0 -T m ) excited states with vertical excitation energies (nm), transition coefficients, orbitals involved in the transitions, and oscillator strengths f for compounds 3, 4 and 7 (with f > 0.07) (Fig. 6) . The experimental emission spectra are very similar in shape for all compounds which support the idea that the luminescence properties originate from the same chromophore, i.e. the chelating 2-phenylpyridine ligand through the 3 ILCT[π→π* ppy ] triplet excited states, as already observed in former studies. 27, 28 Interestingly, the T 1 -S 0 transition for 4 computed at 462.8 nm is significantly different in energy from 3 and 7 and corresponds to the H−1-LUMO excitation, two frontier orbitals for which the electron density is predominantly located on the quinoline ligand. Consequently, the emission of 4 seems to originate from a transition with a 3 ILCT[π→π* quin ] character instead of the expected 3 ILCT[π→π* ppy ] nature. In fact, the 3 ILCT[π→π* ppy ] excited state, viewed as T 1 for 3 and 7, becomes the T 2 state for compound 4, arising from the HOMO-L+1 excitation, and is energetically close to the T 1 excited states of 3 and 7 (the energy of the T 2 -S 0 transition being computed at 438.5 nm). The DFT optimized geometry of the triplet state of 4 is in agreement with the promotion of one electron from HOMO to L+1 since the main structural variations in the triplet state in comparison with the corresponding ground state are observed within the quinoline ligand (ESI †). Again, the spin density surface of the lowest triplet state of 4 supports the 3 ILCT[π→π* 4-ppy ] origin of the emission (Fig. 6 ). According to Kasha's rule, the photon emission is expected only from the lowest excited state which forbids us to consider the second-lowest excited triplet state T 2 (with a 3 ILCT[π→π* ppy ] character) as the emissive state instead of the lower lying T 1 state (with a 3 ILCT[π→π* 4-ppy ] character) to match with the similarity of the emission spectra. Nonetheless, this ambiguity between the theoretical results and the experimental luminescence properties is a point of interest for our further studies.
Conclusions
In conclusion, a facile synthetic route towards the preparation of stable, luminescent, and cationic monocyclometalated gold(III) monoaryl complexes has been demonstrated. The complex 2 can be further utilized as a precursor molecule for the ready preparation of other cationic gold(III) complexes with other auxiliary ligands. It is shown that the choice of appropriate ancillary ligands with different electronic properties allows the emission quantum yield to be tuned, without affecting the emission wavelength maxima significantly. DFT and TDDFT calculations carried out on selected complexes further validate the involvement of different charge transfer states responsible for the origin of the emission, which is significantly influenced by the electronic nature of the ancillary ligands. Furthermore, the luminescent cationic complexes were successfully employed as catalysts for the photo-oxidation of benzylic amines to their corresponding imines through a C-H activation process. The scope of the catalytic applications is being further explored in our group by tailoring the complex solubility in water by an appropriate choice of the counter anions and ancillary ligands in order to exploit the developed cationic monocyclometalated gold(III) monoaryl complexes as photosensitizers in water oxidation catalysis.
Experimental section
General procedures and instrumentation
Unless otherwise stated, all manipulations were carried out without special precautions for excluding air and moisture. 1 General procedure for the photo-oxidation of the benzylic amines 8a-8d
To a solution of benzylic amine (0.5000 mmol) in MeCN (9.0 mL) in a 30 cm glass cell, the respective catalyst
